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DISCOVERY OF PERIODIC X-REAY PULSATIONS
IN CENTAURUS X-3 FROM UHUREL

Scureier, anp H, Tanan

r
ge, Massachusetts (2142
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Spin axis

Magnetic

Magnetized NS accreting from
a non-collapsed star

A fraction of the X rays are
modulated af the spin period

Accretion mechanisms depend on the properties of the donor



— 90 in transient Be/X systems

— 15 in persistent systems

no common characteristics




Periodic signai
Broad-band noise
QPO peaks
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Accretion disk

Pulsar magnetosphere
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orbit '
through

circumstellar -

disk

Bfe] star with
circumstellar disk

i
e
F

Drawing not to scale







The “Corbet” diagram

“RL SG: short Pgin, short Porp, 100.0
Li>=10% erg/s
anti-correlation?

SWF SG: long Parh (obvious),
Lx=10%%" erg/s

“Be T: correlation
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% Persistent sources: low luminosity,
small variability
“Transient sources
*Type I: Series of outhursts (L<1037 erg/s)
(separate by orbital period)
* Type II: brighter, long outbursts not
related fo the orbital period



3A 1942+274

% Persistent sources: low luminosity,
small variability
“Transient sources
* Type I: Series of outhursts (L<1037 erg/s)
(separate by orbital period)
* Type II: brighter, long outbursts not
related fo the orbital period



% Persistent sources: low luminosity,
small variability
*Transient sources
*Type I: Series of outhursts (L<1037 erg/s)
(separate by orbital period)
* Type II: brighter, long outbursts not
related fo the orbital period



*Rn - Magnetospheric radius: accretion pressure = magnetic pressure
SR, - Corotation radius: disk rotates with the NS
SR, - Light cylinder radius: magnetosphere rotates at v=c

Re & Ri do wnot depend on
accretion.

R depends on accretion:
high accretion rate, small Ry,

accretion rate




Matter can accrete onto the poles

& : p Energy release is L = 6MM/R-
S Accretion regime: Ry < R e

light cylinder
raqius

accretion

corotation radius



Centrifugal barrier (B field stronger
than gravity)

Matter accumulates or is ejected
from Ru

- s
"’ﬁPrope"er regime. Rm > R Accretion onto Rw: lower

gravitational energy released

light cylinder
radius

orotation radius




“Radio pulsar regime: Rn > Ry

light cylinder
radius

No accretion possible

Disk mafter is swept away by
pulsar wind and pressure

accretion rate



Low accretion: pencil beam
High accretion: fan beam

Reality: very complicated

Pulse shape: depends on luminosity and energy

Pencil beam | Fan beam | i




NORMALISED AMPLITUDE

Luminosity dependence
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Energy dependence

i

Normalised Intensity
0o

Pulse phase
spectroscopy

Santangelo et al. (1999)



Magnetospheric radivs

GMy P?

Corotation radivs Spi")1/3

472

Disk forque

Pulsar spins up uwtil

M)W(L)W

Equilibrium period Peg ~ 8s( TEYe
cm

<M >

On a tfime scale much shorter than the system’s age

We should see the systems spin up



Spin-up & spin-down

Bildsten et al. (1997)
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Need shori-term measuremens
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GRO J1744-28

0.1 1.0 1.0

Fulsed Flux L':TD_Q erg cm™2 s7') Flux (107 erg cm™

Expectation v o< MO/7

Bildsten et al. (1997)
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First discovery: Her X-1 ol o

050-8
AUGUST. 1975

+THIS WORK
1U~3 MAY 3.1976

Energy depends on B field
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10° 10° 102 103
Cyclotron resonant scattering PHOTON ENERGY N KEV

Trimper et al. (1978)



C oﬁé/ﬁ% %ﬂ%f

Now seen in many systems
(RossiXTE, BeppoSAX)

Variations with the pulse also seen

Coburn et al. (2002)

F o (keV)

lines
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Harmonics

Confirmation of their origin

Eqw of higher harmonics
larger than fundamental: T
2-photon effects dominate |

Santangelo et al. (1999)






Swift J1626.6-5156 - 2005 December 23
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Swift J1626.6-5156 - 2005 December 23
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NS LAXDB












Black Hole Last stable orbit

-

X-ray emission Magnetosphere

‘Neuiron Siur'




JZ > /ﬁb/ accreteon rate

£ .
© Accretion rate as main parameter
. )
“Many systems are observed as transients
* Quiescence: low accretion rate (Lx = 1054 erg/s)

* Qutburst: large uccrmte (Lx =10 erg/s)
* |mportant fo study accretion rate range
v

.

Black Hole




NS: AqIXl BH: GS 2023+338

Rutledge et al. (2002)

0.1

0.01

1073

-8-4-20 2 10°*

channel energy (keV)

S“Canonical” NS spectrum | '
SBB/NS Atm., kT=0.1-0.3 keV “Power low, phofon index 12
plus A

SPower law, photon index 1-2 “Optically thin plasma, kT=2-3 keV



& Clear segregation in Ly
SLarger min-max L swing in
. BHthan NS

—

Similar binaries: similar swing in mass inflow rate expected

Different mass-to-radiation conversion efficiency?



mass-to-radiation
conversion efficiency
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For low rates, increasing fraction of energy stored in the accretion flow

=3 0 o

“In BH: energy “lost” in the horizon

[ .

“In NS: energy is release at the surface



Something
more
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Campana et al. (1998)

Agl X—-1
Light Curve of Feb. 188% cutburst
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o 0 o Neutron Stars

4 44 Hard state BH

mmm GRS 1915 Plateau

> »»> BH normalisation points

-2.0 -1.5 -1.0
Log Mpag | Mgy

Wﬁf

Kording et al. (2006)

Accretion rate from radio

Lmd o M14

Independent of X rays



NS L MXB: source AT

% 7 sources
¥ Atoll sources
* Low-luminosity bursters

* Accreting millisecond pulsars
* Qddballs (Circinus X-1)

wLMXE Atoll

NS transients _
BH transients

0.001 0.01 0.1

van der Klis (2006) Lx "'LEajdb-'S




NS L/[/[XB - source a@

“*Weakly magnefic systems

“Fast spinning NS (few msec)
®(Characteristic phenomena: X-ray bursts
“Fast aperiodic timing (Il lecture)
“Source classes

colour

1
‘hard’ colour

~=
-



sy colirs: CCD @ HID




HCRIZOMTAL BRAMCH

HORIZOMTAL

srH — T W *Model independent
ol *Sensitive fo small changes

| @’*Insirumé':t dependent
~ *Need models
S, s

FLARING
BRANCH




XTE J1701-462

#January 2006
*Transient Z source

“A Rosetta stone?
“Already spanned Z-GX
“Waiting for quiescence..

wLMXE Atoll

NS transients .
BH transients

0.001 0.01



LAST NIEHT NIGHTMARE
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ES1781-260 (High state)
E M.

“Soft component (few keV: blackbody or disk-BB \ o
*Power law with exponential cutoff (5-20 keV): R ISR, Lol iy 1y
(thermal Comptonization) T f X .

“Soft and Hard states: in the hard state ’rh
shifts to higher energies (up to >200 keV)

*Iron emission (fluorescence) line @6.4 keV

“Evidence for a Compton reflection component

Energy {ke¥)




AL‘M sources.. ranscleons

KS1731-260 0 £ AU1705—44 Hard : 394 cte 8! (2.5-25.0 keV)
", Fios gy = 4.2 107° ergs s7'em ™

-
"
I

e L L Y

4U1705-44

10

Energy (keV) Energy (keV)

Energy (keV)

Barret et al. (2001)

*Usually: hard state (island)- lower flux (but see 4U 1705-44)
“At extreme island: low-luminosity bursters
“Similar to black-hole LS systems (lecture Il)






S — AWM

Di Salvo et al. (2001)

“RXTE+BSAX: additional hard components'\
“Index 2-3, up to 10% total flux

“0bserved now in several systems
“Strongest on HB (low accretion rate)

“Sco X-1 and GX 349+2 are exceptions
“Radio flux also maximum in HB
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10 100
Energy (keV)




1 sources: radio emission depends
on Z position. All 6 detected.

“Atoll sources: only a few detected
(30 times fainter)

“msec PSR: two detected (transient
corresponding to outburst) -

erg/s)

26

o
R
5
T
T
0
@




“Type Il bursts: accretion-instability related
“Type | bursts: thermonuclear reactions on NS ’ . “‘ i

“Usually a few dozen seconds

“Superbursslosting howrs N

T,

]

]

Burst 5 and 6

w
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C

2000 4000 6000 8000

Time from the start of the observation (seconds)




%/ s i

“Rise times shorter than decay
“Usually smooth
“Shorter at higher energies (cooling) :
“Blackbody spectra: 10km radius [stundurd
*Bright bursts can reach Legs: photosph /9m expansion
“A lot of mtereshng physics
*Burst gseillations (tomorrow)

0 1.0x1078 2.0x1078 3.0x1078 4.0x1078 5.0x1078
Foo {ergs cm™ s7")

Strohmayer et al. (1997)
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X-ray binaries,.

Tomaso Belloni
(Osservatorio Astronomico di Brera)
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NS LAXDB



& GX 5-1 first source
% Broad and slow features
“Not a pulsar
SNo keplerian time scale
% Correlated with count rate (ﬂux?)
& State-dependent

Beat frequency CEEONGAERY

Flux related: ®o< L)

spin

van der Klis %t al.

(1985)

1985

Lamb et al.
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[{rms/meany?/Hz]
[{rens,/meany®s

HORIZO L
BRAMCH

Fraquency (Hz) ' Frequency (Hz)

MORMAL BERAMCH

FLARING T~ DIPPING FLARING CRAMCH

BRANCH

[{rrms/meany? /Hz]
[{rms/me iny2/Hz]

10

Frequency (Hz) Frequency (Hz)




HBO NBO FBO

gx340+0

MORMAL BRANCH

FLARING B DIFPING FLARING BRANCH
BRANCH "




At low flux: flat-top noise + LFQPO
SSame as low-L bursters

Y

T,

Apologies for the phenomenology:
we will need it later

\

1o 10
Frequency (Hz)

Inoue (1992)
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“Double peaks at high frequency
“Expected range for Keplerian

% “Frequency changes
z %S¢0 X-1 first, then other Z and atoll

der Klis et al.
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Z}{QQPO ; ém/f

' Seen in nearly all Z and atoll sources
Twm peaks move in 200-1200 Hz range
> Ditference almost constant?
> At extreme frequencies, onlysgne peak

; hang et al. (1998)
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(1996)
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ki QPO: ém/f ies

4Q factor can be as high as 200

Vo

Quality factor

AV

40U 1636-53 — 2005 Campaign
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L QPO: basic xy,

SFrequency shift on “parallel tracks”

X1636—-53
X0614+09
@ KS1731-260

®

-%705—44 /;
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o

0.01 0.1
L. /Lgqq (R—50 keV unabsorbed)

Ford et al. (2000)



L QPO: é@% xy,

SNo preferred frequency or frequency ratio

N. of occurrences

[\

N
S

700

N
=)

o
S

600

N. of occurrences

5001 7, Belloni et al. (2005)

400
100 200 300 400 500 600 700 800 900

Lower kHz QPO frequency v, (Hz)




(e QPO: ééf watf

Basic equation:

Derived equations:

200 300 400 500 600 700
Lower kHz QPO frequency v, (Hz)




L QPO: ém/f xy,

SFrequency difference does vary
S Connected to the spin frequency of the NS

500
SPIN FREQUENCY (Hz)

How do we know the spin frequency?



S Coherent oscillations
Give characteristic frequency Hot spot burning on NS: complex
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=1n 1999 first one found

®Seven known to date

SFaint fransients
$200-600 Hz pulsations

The missing link
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Acerets

%In 1999 firsone found
®Seven known to date
SFaint transients
$200-600 Hz pulsations | SN A [ S B B B
@Show kHZ QPO Daye sinoe Saptamber 1. 1996 Dovs since Aor 1, 1998 Days since Octaber 1, 2002
S Av as expected

SAX J1808.4-3658

XTE J1751-305
]
-
™~
g m
o~
XTE J1807-294
XTE J1814-338
IGR J00291+5934
-ﬁ "y
0 200 400 600 800 1000

Frequency (Hz)

4 60 3 10 15 2

25 30

Power [(rms/mean)?/Hz]

REtims o [ RHEN
e Pt i | R[] 8
I

10 0 2 4 0 5 10 15 13

0



40
burst

-
.
P
(.
-
-
e
'
L
-
—

P Y
']
-

_\ | i
(R L N T

3 | T ,l"

~NS

b

| al

The ,{ le is
( dosed



Thesroticalomiiil, -8 e

|dentification of frequencies (low-v QPO, 2 kHz QPO)
S Modulation process

® o« o Ik .

“ Relativistic Precession Model
=1 N e ° . . .
“Basic GR frequencies: nodal precesMusiron precession, orbital
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EOS of Newtron Matter

I higher-PO is orhital:
¥ NS smaller than orbit
¥ Orbit larger than 15C0

1220 Hz

Radius (km) Radius (km)
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%1 some states, flat-top noise
SAlso low-v QPO (next slide)

SSimilar to low-L NS
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Nov. 4—-8 1988
+ 02-20 keV

Aug-Sep 1992
© 3560 keV
+ 75-175 keV
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Frequency (Hz)

They all move!
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Frequency (Hz)

They all move!
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They all move!
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] . Belloni, Psaltis &
Belloni & Hasinger 1990 van der Klis 1990




% Low-frequency QPO as in NS
“Type-C QPO
* Variable frequency 0.01-15 Hz
SType-A/B QPO _
* Almost fixed frequency 4-8 Hz -
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Frequency (Hz)

% Type C- HBO
% Type B - NBO
* Type A- FBO
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Psaltis, Belloni & wvan der
Klis 1999
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bump i

1
Frequency (Hz)

. PBK99 |
# XTE J111B+480 -
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HFQPO & LFQPO & more... no B field?




Psaltis, Belloni & wvan der
Klis 1999
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100 tMauche 2001; Warner et al.
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Also CVs... no GR effects?



BH ki / QPO

S Frequencies 30-

SWeak and rare B \ || B i ’H [
@%erd frequen(ies '- ‘ ||"|. | i' o’ | t‘*»Hlv/jHH
“Some (4/7) come in pairs L
SGRS 1915+105 has more

“Different from NS kHz QPO

llllllll

XTE J1650-500 4U 1630-47 XTE J1859+226

_. '"—”.-ﬂ”r\'.fﬂ" jﬂw TD

Frequency (Hz) Frequency (Hz)

GRS 1915+105 GRO J1655-40 XTE J1550-5614 H 1743-322




BH bk oo QLO:

: Abramowicz
®. . 3 Y 2001
“Pairs appear at certain ratios

=]
“Resonance model developed

%

il few points available \

i g

e

Frequeney (Hz) Frequency (Hz)

GRS 1915+105 GRO J1655-40 XTE J1550-564 H 1743-322



BH QLPO resonances

SHighest frequency orbital
SShould scale with mass

“Some masses are known \ o o a Belloni et
(@ GHOJIeA al. 2006
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5% M/ /L[W/ States

® Known since Uhuru
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E/ﬁ/ﬁ Wrm

 Hard State: hard (Comptonization?) component,
very soft (if any) disc

S Soft State: disc + \NJ
weak steep power law

0.0100

Cutoff vs. no cutoff
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Same component? 0.0001

0.001 0.010 0.100 1.000
Energy (MeV)




(sl 727'% PW@

Hard State: very strong (30-50%) noise, low-frequency QPOs
ofi State: weak power law

30 30

Disc should not be noisy

Same component?

requency (Hz)
Belloni et al. (1999)
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® Hard State: radio emission, compact jets R

> Soft State: radio quiet - no jet?

4 V404 Cyg (3.5 kpe) L/ Lgaq (10 M,E,)

o GX 338-4 (4 kpc)

o 1E 1740.7-2042 (8.5 kpc)

Scaled X—ray flux densily (Crab; 2—11 keV)

Gallo et al. (2003)

Radio/mm IR/l)pt.ical X-ray  Gamma-ray
0.01L
0.0001

1e-06 Soft State ,

le-08
le+08 le+l10 le+l2 le+l4d le+l6 le+l8 le+20 le+22

Frequency (Hz)



® Hard State: correlations
 Soft State: radio quiet

hard intermediate

E' state

H—band flux density (mdy)
10

soft intermediate
& soft states

Homan et al. (20095) Corbel et al. (2003) Fender et al. (1999)



S Hard State: mildly relativistic

upper limits
lower limits (BH)
lower limits (NS)

b3
Is)
=
Q
[x]
E
N
=
=
-
]
o
Q

0.1 L

X-ray luminosity (Eddington units)

Gallo et al. (2003) Fender, Belloni & Gallo (2004)




Other States

Je

Je

(1991)
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“ Very-High State
“ |ntermediate State
% Steep-Powerlaw State

GX339-4

Very High State (TypeA)
{1988, Sept.6(12-37keV))

_¢_%¢'(, Very High State(Type C+D)

{1988?.5 (1.2-37keV))

F1_+H+E%+#+***"*'—»‘_

Frequency (Hz)

l Lype A

Fregquency (Hz)

Casella et al. (2004)
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pﬂl{f?ﬁ gections

& Related to state transitions
S What happens in between those states?

S Black-hole transients are the key

(2005)

Gallo et al. (2004)
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A farster jet
& A different spectrum
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State transctions

4 Intermediate states & jet ejections
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0594226
550-564 ---@ -
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soft intermediate |
& soft states

_ X

i 19 i g2

1

2-80 keV luminosity / Eddington

Total 3—100 keV flux (erg s~ cm™?)

— Soft Hard—

Homan et al- (2005) 0.001 ! 1 I
0 0.2 0.4 0.6 0.8

Fender, Belloni & Gallo (2004) X-ray colour




State transctions

L J 1400
“ 6X 3394 as template A
4 ) :
Tools: :
Power spectra & :
,‘ Phenomenology common to
Hardness many systems




_ (2002 /3 )/

&)

Hard state: noise, high-E
cutoff, radio emission,
compact jet
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0.1-64 Hz rms

PCUEZ Count Rate

]
: 10
Hardness Frequency [Hz)
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=
54

0.1-64 Hz rms

PCUEZ Count Rate

Hardness

Hard intermediate state:

less noise, PO, high-E

cutoff?, radio emission,
compact jet
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Soft intermediate state:
drop in noise, QPO!, high-
E cutoff?, no radio
emission, jet ejection

i
=
54

0.1-64 Hz rms

PCUEZ Count Rate

Hardness




Soft state: little noise, weak
QPO, no high-E cutoff, no
radio emission

PCUEZ Count Rate




Soft Intermediate
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adapted from
Belloni (2005)

Hard Intermediate

WEAK MOISE STROMG BAND-LIMITED MOISE
TYPE AB QAFO TYFE C QFO

MO BADI0JET AADID JET

Hardness
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* Transitions are fast

S Timing is the fracer

S Jet is the output

S High-energy changes \
S Not Mdot driven '

30

@
o
=
=
o
o
o
_J
O
o

PCUZ ctsfs

GX 3394 (2004) '
0.1

Hardness

Belloni et al. (2006)
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Cts/s/keV

(2006)
Squared rms * Frequency
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10°
Frequency (Hz)

/0 keV cutoff disappears
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jet line

Fender, Belloni & Gallo (2004)
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Continuous evolution
of power? S

Je

Internal shocks ol

FGIO3

case (a); Gamma outer shell 2 ki
: . 1 0,000 |
o

" P | i " sl
LIEN i1

Eddington

le-(15 & T S— T
le-05 0.0001 L0
X-ray luminosity

Fender, Belloni & Gallo (2004)

o
-
e

Gamma inner shell




GZ S/VIS 7&%

4U 1630-47 '
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& @ Different ringing QPO
S Noise drops
% High-frequency QPO

HARDNESS | 5

Not on reverse frans.?



JZ - SIAG gD

Je

> Timing properties are continuous from hard to soft
Shurp transitions only involve the SIMS region
® Energy spectra?
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